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aggregation centers pellet during a low-speed centrifugation assay while peripheral 95 rods remain in the supernatant. These assays demonstrated that peripheral rods display 96 total protein accumulation patterns distinct from both vegetative and sporulating cells 97 (39, 41) . It was also previously observed that CsgA (p25) is produced at lower levels 98 in peripheral rods (16) , and that dev and nfs loci, which represent fruiting body-and 99 sporulation-specific loci, respectively, are not expressed in peripheral rods (16, 35) . 100
However, little is known about the regulatory details which induce certain cells to 101 form peripheral rods. The final cell fate, lysis, has been debated as to whether it is 102 wired into the developmental program (14, 48, 64) , an artifact of manipulating fragile 103 cells (42), or as strain specific phenomenon (1). Most recently, lysis was attributed to 104 induction of programmed cell death (PCD) by an atypical toxin-antitoxin system 105 comprised of MazF and MrpC (36) . Deletion of the orphan mazF gene, which 106 encodes an endoribonuclease, reduced developmental cell lysis and produced a severe 107 delay in aggregation and reduction of sporulation. MrpC interacts both in vivo and in 108 vitro with MazF and this interaction interferes with MazF activity. Thus, it is 109 proposed that MrpC acts as an antitoxin to MazF, but it is unknown how MazF is 110 released to induce PCD. 111
112
As part of our interest in identifying the regulatory mechanisms which control cell 113 fate segregation in developing M. xanthus cells, we first examined the timing of cell 114 fate production by enumerating total cells, cells which can be sedimented in 115 aggregation centers (41), and cells which are not tightly associated in large groups. 116
We observed a robust pattern of subpopulation production in which between 24-30 117 hours of development there is both a burst of cell lysis and a rapid increase of cells in 118 
MATERIALS AND METHODS 126 127
Strains and growth conditions. Bacterial strains and plasmids used are listed in 128 Table 1 . M. xanthus strains were grown vegetatively at 32°C on CYE agar plates [1% 129 Casitone, 0.5% yeast extract, 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) 130 pH 7.6, 4 mM MgSO 4 , 1.5% agar] or in CYE broth (CYE lacking agar). Plates were 131 supplemented with 100 μg ml -1 kanamycin, where necessary. E. coli was grown under 132 standard laboratory conditions in LB media (27) unless otherwise described. Plates 133 were supplemented with 50 μg ml -1 kanamycin, where necessary. 134
135
Plasmid and strain construction. Strain PH1021 (DZ2 ΔmazF) was generated using 136 pPH165 (pBJ114 ΔmazF) and the kanamycin resistance (kan R ) / galK galactose 137 selection / counter selection method (61) as previously described in detail (21) . 138
Briefly, strain DZ2 was transformed with pPH165 and homologous recombination 139 into the region surrounding mazF was selected by kanamycin resistance, generating 140 strain PH1022 (DZ2 Mxan_1658::pPH165). pPH165 contains a 1043 bp fragment 141 surrounding the ΔmazF (deletion of codons 10-111) cloned into the EcoRI and 142
BamHI sites of pBJ114; this insert was generated by overlap PCR using the primers 143 listed in Supplemental Table 1 genotype. Strains PH1023 (DK1622 ΔmazF) and PH1024 (DK101 ΔmazF) were 148 generated by transforming DK1622 or DK101, respectively, with genomic DNA from 149 PH1022 and selecting for double homologous recombination into the mazF region by 150 kanamycin resistance. The mazF deletion was generated in the resulting backgrounds 151 by selecting for growth on galactose as described above. For all deletion strains, the 152 developmental phenotype was confirmed for three independent clones. Strain PH1025 153 (DZ2 ΔmrpC) was generated using construct pPH164 (pBJ114 ΔmrpC) as described 154 above. pPH164 contains a 1105 bp fragment surrounding the ΔmrpC (deletion of 155 codons 14-228) cloned into the EcoRI and BamHI sites of pBJ114. Plasmid pPH158 156 (pET28-mrpC) used for overproduction of recombinant MrpC containing a hexa-157 histidine affinity tagged at the amino-terminus (H 6 -MrpC) was constructed by PCR 158 amplifying mrpC from DZ2 genomic DNA using the primers indicated in 159 Supplemental For subpopulation segregation analysis, the developing cells were harvested by using 175 a 20 ml pipet to flush the cell mat off of the surface of the petri dish. The entire 16 ml 176 volume was then transferred to a 50 ml falcon tube and the mats were dispersed by 177 vigorously pipetting up and down thirty times. Cells in aggregates were then 178 sedimented by centrifugation at 50 x g (Heraeus Multifuge 1 S-R centrifuge and 179 75002002 G swinging bucket rotor) for 5 min at RT. The supernatant fraction was 180 carefully removed and transferred to a 50 ml falcon tube, and the pellet ( PilA pAb at 1:10 000 (65), anti-MrpC pAb at 1:1000 (below), α-FruA pAb at 1:5000 225 (24), α-CsgA C-terminal pAb (24) at 1:2500, and α-FrzCD pAb (32) at 1:5000. 226
Secondary α-rabbit IgG-horseradish peroxidase (HRP) antibody (Pierce) was used at 227 1:20 000 and signals were detected with enhanced chemiluminescence substrate 228 (Pierce) followed by detection in a LAS-4000 luminescent image analyzer (Fujifilm) . 229
The PVDF membrane was subsequently stained using Coomassie stain [50 % (v/v) Anti-MrpC rabbit polyclonal antisera was generated by Eurogentec (Belgium) using 237 the 28-day Super Speedy polyclonal antibody protocol. Rabbits were immunized with 238 recombinant MrpC containing an amino-terminal hexa-histidine affinity purification 239 tag (H 6 -MrpC). To overproduced H 6 -MrpC, the salt-inducible T7 RNA polymerase 240 strain (GJ1158) was freshly transformed with the plasmid pPH158 (pET28-mrpC) and 241 plated on LB media lacking NaCl (LB w/o salt) containing kanamycin. Several 242 colonies were inoculated into LB w/o salt plus kanamycin, grown overnight at 37 °C, 243 subcultured 1 : 100 into fresh LB w/o salt plus kanamycin, and grown at 37 °C until 244 an optical density at 600 nm (OD600) = 0.6. The culture was transferred to a shaking 245 incubator at 18 °C for 1 hour and then induced with 0.3 M NaCl (final concentration) 246 overnight. Soluble H 6 -MrpC was purified under native conditions using nickel affinity 247 resin (Qiagen) and gravity flow according to manufacturer's instructions. hours formed darkened fruiting bodies as the cells differentiated into spores (Fig. 1A) . 291
Cells were harvested at several periods during development by repeated pipetting and 292 subject to low speed centrifugation to separate cells in groups ( (Fig. 1B) . During development of this assay we ascertained that 1) 296 neither the harvesting nor dispersal steps significantly affected the total cell count, 2) 297 the dispersal procedure resulted in single or small and countable groups of cells, and 3) 298 the total number of cells counted without the separation step was not appreciably 299 different from the sum of the two populations of separated cells (data not shown). 300
301
The total cell number enumeration indicated the population doubled over the first 24 302 hours of development and then dramatically decreased such that between 24-48 hours 303 ~ 64 % of the cells had lysed (Fig. 1B) . Surprisingly, even prior to initiation of 304 development (0 hrs), 25 ± 1% of the total cells in the population could be isolated in 305 the pellet (sedimented fraction) (Fig. 1B and C) . However, between 24 and 36 hours, 306 concurrent with the formation of visible aggregation centers, the sedimented cell 307 population sharply increased from 37 ± 1% to 61 ± 2% (Fig. 1A-C) , and essentially 308 remained at this level until the final time point assayed at 48 hours. The number of 309 spores was not enumerated in these experiments, but in similar experiments 310 (pre)spores (ie spherical cells which were not tested for heat and sonication resistance) 311 were enumerated as: none detected, ~4 x10 8 , ~5 x 10 8 , and ~9 x 10 8 at ≤ 36, 48, 72 312 and 144 hours of development, respectively. The percent of cells in the supernatant 313 fraction decreased corresponding to the increase in sedimented cells and was 314 maintained at essentially 64 ± 6 % after 36 hours of development ( Fig. 1B and C) . was described previously, Protein S was produced in both non-aggregated and 346 aggregated fractions of the population, but by 48 hours is upregulated at least 2-fold 347 in the sedimented fraction (Fig. 2B) . In contrast, as we had observed previously (20), 348
FibA was specific to the sedimented fraction from 0-36 hours of development, but by 349 48 hours was also observed in the cell remaining in the supernatant. the supernatant and pellet cell fractions (Fig. 3A) . By 12 hours of development, the 375 MrpC signal had decreased 1.2 fold in the supernatant and 2.4 fold in the pellet 376 fraction, suggesting the protein is turned over in at least some of the cells in both 377 populations (Fig. 5A) . Between 12 and 24 hours of development, MrpC accumulated 378 dramatically in the supernatant cell fraction, but between 24-48 hours of development 379 it decreased such that by 48 hours of development, MrpC was essentially absent in 380 this cell fraction. In contrast, in the pellet fraction, MrpC accumulated linearly, but 381 more slowly, from 12-48 hours development. MrpC2 was observed to increase 382 between 18 and 24 hours of development in the supernatant fraction (Fig. 3A CsgA protein (12, 24, 43, 46) . We therefore examined the accumulation of C-signal 404 (and its precursor, CsgA) in the supernatant and sedimented fractions. We observed 405 that in the supernatant fractions, CsgA (p25) accumulated ~2-fold between 12-24 406 hours, followed by a rapid decrease between 24-48 hours ( then disappeared between 36 and 48 hours (Fig. 3D) . In all sedimented fractions, 423
FrzCD was observed with a more pronounced methylation state consistent with cells 424 in close contact (30). After 30 hours, concurrent with formation of visible aggregation 425 centers (Fig. 1A) , the most slowly migrating FrzCD band is absent from both 426 fractions and the intensity of the lower bands increases. with the goal to determine whether we could identify when cells may segregate into 438 the lysis fate. Since the role of MazF in mediating programmed cell lysis was 439 investigated in an alternate M. xanthus strain, we first generated a deletion of the 440 mazF gene in our wild type DZ2 strain and assayed the developmental phenotype. 441
Unexpectedly, when the total cell number was assayed during development, the 442
ΔmazF mutant displayed a distinct decrease in cell number similar to the wild type 443 parent (Fig 4A) . Furthermore, the ΔmazF mutant displayed only a slight (4 hour) 444
on July 8, 2017 by guest http://jb.asm.org/ Downloaded from delay in development and no significant reduction in sporulation efficiency compared 445 to the wild type (Fig. 4B) . As controls, we also assayed the total cell number of strains 446 bearing a deletion in mrpC (ΔmrpC) and a disruption in csgA (csgA::Tn5-132ΩLS205) 447 which have been previously observed to fail to increase in cell number and decrease 448 in cell number, respectively (14, 36). As expected in the ΔmrpC strain, the cell 449 number did not significantly increase by 24 hours of development, and the csgA strain 450 cell number did not decrease after 24 hours of development. Also consistently, neither 451 the ΔmrpC nor the csgA strain was able to form fruiting bodies (Fig. 4B) at high density on nutrient limited agar plates, rather than submerged culture (36). To 459 determine if the difference in mazF phenotype was due to any of these factors, we 460 additionally generated our mazF deletion in the DK101, as well as the commonly 461 employed DK1622, M. xanthus backgrounds and assayed all strains under the 462 developmental conditions described by Nariya and Inouye (36) . Consistent with the 463 previously described phenotype, the DK101 ΔmazF (PH1024) mutant exhibited no 464 striking decrease in cell number during development, a delayed developmental 465 phenotype, and a reduction in sporulation efficiency to 34% (Fig. 5A) . Similar to what 466 was observed under submerged culture development, the DZ2 ΔmazF mutant 467 (PH1021) displayed a significant decrease in cell number during development, 468 produced an essentially wild type developmental phenotype and only a slight 469 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from 20 reduction in sporulation efficiency (Fig. 5B) . Finally, the DK1622 ΔmazF mutant 470 (PH1023) a decrease in cell number indistinguishable from the DK1622 parent, no 471 significant developmental defect and only a slight reduction in sporulation efficiency 472 (Fig. 5C ). Under these developmental conditions, we did not observe an initial 473 increase in cell number in either DK1622 or PH1023 likely because these cells 474 develop more rapidly. 475
476
Lower cell numbers at T=0 were observed for DK101 and PH1024 (Fig. 5A) Second, prior to the sedimentation step, the developing cell mat was harvested by 500 repeatedly pipetting the entire 16 ml solution with a 20 ml pipette. Thus, cells which 501
were not tightly associated in aggregates, such as the cells which move in and out of 502 aggregation centers (52), were in the supernatant. Third, we examined cells from 503 vegetative and pre-aggregating developmental time points in addition to the later 504 stages of development. 505
506
One surprising outcome of this study was the observation that ~ 25 % of the 507 vegetative cells can be isolated in tightly associated groups even after the vigorous 508 cell harvesting procedure. This population displayed distinct characteristics including 509 slightly increased EPS production ( Fig. 2A) , increased methylation of the 510 chemosensory protein, FrzCD (Fig. 3D) , and the exclusive production of the detected 511 fragments of FibA, an extracellular metalloprotease (20) (Fig. 2B) . We propose that 512 this population be termed "cell clusters" to distinguish them from cells which are 513 between 24-30 hours of development (Fig. 1B) . It has been previously suggested that 523 lysis occurs after the formation of aggregation centers and is specifically necessary for 524 spore production (64). Under our conditions, lysis immediately precedes, or is 525 concurrent with, induction of aggregation but may also continue within the 526 aggregation centers. Aggregation is essentially complete by 36 hours of development, 527 although a small proportion of cells may continue to join the aggregation centers after 528 this time. The timing of production of peripheral rods is less clear, but likely at or 529 prior to, approximately 36 hours of development. We suggest that by 48 hours the 530 supernatant population consists primarily of peripheral rods because 1) the proportion 531 of cells in the supernatant is maintained at ~ 36 % from at least 48 hours (Fig. 1) to 532 120 hours of development (data not shown), and 2) most of the proteins which are 533 necessary for aggregation (MrpC, FruA, C-signal, and FrzCD) aggregation or lysis, most these proteins accumulate more rapidly in the non-556 aggregated (supernatant) subpopulation than in the sedimented population which may 557 contain primarily cell clusters (Fig. 3A-C) . After 24 hours, MrpC, MrpC2, CsgA p25, 558 and C-signal begin to decrease in the supernatant fraction whereas FruA continues to 559 increase until 30 hours of development. All of these regulatory proteins continue to 560 increase in the aggregated cell fraction after their respective decrease in the 561 supernatant fraction. The simplest interpretation of this observation is that 562 accumulation of these proteins in some cells in the supernatant fraction stimulates 563 aggregation and therefore causes a transition of these cells into the sedimented 564 population (Fig. 6) . Once in the aggregation centers, these cells undergo increased C-565 signaling leading to increased production of at least FruA via DevT-dependent 566 positive feedback loop (7). From our results we cannot ascertain whether the cell 567 clusters remain as a distinct population or also accumulate the regulatory proteins as 568 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from 24 part of aggregation centers. With respect to formation of peripheral rods, it is 569 tempting to speculate that certain cells in the supernatant do not accumulate threshold 570 levels of MrpC, FruA, and C-signal and thus remain in the supernatant as peripheral 571 rods (Fig. 6) . Consistently, these proteins are present at low levels in the < 36 hour 572 supernatant fraction which we propose consists primarily of peripheral rods. We are 573 currently examining the single cell accumulation of the known regulatory proteins to 574 address this hypothesis. 575 576 Our initial plan was to address developmental cell lysis by examining the 577 accumulation pattern of the toxin MazF which was proposed to induce programmed 578 cell death (PCD) via the unusual MazF toxin -MrpC antitoxin system (36). 579
Importantly, however, we demonstrated here that deletion of mazF in either our wild 580 type DZ2, or the alternate DK1622 wild type backgrounds, did not significantly 581 reduce cell lysis nor produce a dramatic developmental phenotype. Since we could 582 reproduce the strong mazF phenotype observed by Nariya et al. in the DK101 (also 583 known as DZF1) background, we suggest that MazF-dependent cell lysis appears to 584 be an adaption of this particular strain background. DK101 contains a known sgl 585 (pilQ1) mutation resulting in a partial social motility defect; it is additionally the 586 progenitor of the DK1622 strain in which the pilQ1 mutation was repaired (63). DZ2 587 has an independent derivation (9). As was previously reported, in contrast to both 588 DZ2 and DK1622, DK101 does not develop by submerged culture (data not shown) 589 likely due to the pilQ1-associated loss of cohesiveness (63). In addition, unlike the 590 wild type strains, DK101 cells were difficult to pellet (Fig. 5) . Thus, we suggest that 591 the DZF1 (DK101)-specific MazF role in cell lysis may be an adaption to the pilQ1 592 mutation, and that MazF is not solely responsible for developmentally induced 593 MazF's role may not normally be related to lysis, but rather, as has been proposed for 597 a number of RNase-toxin modules in other organisms (25, 44, 58) , the promotion of 598 growth arrest under stress conditions. 599 
